The mechanical strength of dislocated crystals of Czochralski-grown silicon as influenced by the precipitation of oxygen impurities on dislocations was investigated. The yield strength increases during the early stage of precipitation of silicon oxide, but decreases remarkably during the later stage of precipitation. The enhancement of the yield strength is brought about by the immobilization of dislocations due to locking by closely aligned precipitates along the dislocations during the early stage of precipitation. The locking effect diminishes during the late stage when precipitates on dislocations coalesce with the generation of free portions of dislocations with large separation.
I. INTRODUCTION
Impurities are known to influence the mechanical properties of crystals through various kinds of interactions with dislocations. At temperatures where atomic diffusion is dominant, an impurity atmosphere may develop around dislocations resulting in the strengthening of the crystal. Such dislocation locking by an impurity atmosphere is dominant and gives rise to an appreciable effect at elevated temperatures when a crystal contains a rather high concentration of impurities or alloying elements. Impurities at concentrations which are typical in semiconductor crystals are shown not to develop an atmosphere to an appreciable extent and never to bring about strengthening in the ductile temperature region of the semiconductor. 1 However, when a crystal contains impurities in supersaturation, precipitation of the impurities takes place preferentially at dislocations. Individual precipitate particles on dislocations are much larger than individual impurity atoms and, thus, show a strong locking effect. The strength of dislocation locking is determined not only by the magnitude of the interaction energy between a dislocation and an individual locking particle, but also is sensitive to the separation of locking particles along the dislocation. Although the kinetics of impurity precipitation along an originally fresh dislocation has been discussed by some authors, [2] [3] [4] no work has yet been done on how the size and separation of precipitates change as precipitation along a dislocation proceeds.
Silicon crystals grown by the Czochralski technique usually contain interstitially dissolved oxygen atoms which become supersaturated at temperatures lower than about 1200°C. When a dislocated crystal of Czochralski-grown silicon ͑CZ-Si͒ is annealed at a temperature as high as 1300°C, all of the precipitated oxygen atoms are dissolved into the matrix crystal. Such dissolved atoms precipitate quickly on dislocations and lock the dislocations when the crystal is brought to a temperature at which the oxygen atoms are supersaturated. The mechanical properties of silicon crystals which had been subjected to annealing at 1300°C were investigated in detail by the present authors as a function of the oxygen concentration, dislocation density, deformation temperature, and deformation rate. 5 It has been established that the mechanical behavior of a dislocated crystal of CZ-Si is similar to that of a crystal of oxygen-free silicon ͑float-zone-grown silicon or FZ-Si͒ with a much lower dislocation density. Thus, the stress-strain characteristics of a CZ-Si crystal, the dislocation density of which is about 10 4 cm Ϫ2 , have been found to be very similar to those of a dislocation-free FZ-Si crystal.
The density of mobile dislocations or that of dislocation generation centers initially contained in a crystal plays an essential role in determining the yield strength of silicon. [6] [7] [8] The strength of a dislocation-free CZ-Si crystal is reduced drastically by the precipitation of SiO 2 particles in the matrix region of Si. 5, 9, 10 Such precipitation softening is brought about by mobile dislocation loops which are punched out from the precipitate particles. 10 The purpose of this work is to follow the precipitation process of silicon oxide on dislocations in CZ-Si crystals and to relate the distribution characteristics of precipitates along dislocations to the mechanical strength of the crystal.
II. EXPERIMENT
Specimens were prepared from an originally dislocationfree silicon crystal with a diameter of 76 mm grown by the Czochralski technique. The concentration of dissolved oxygen atoms in the as-grown crystal was determined to be about 9ϫ10 17 cm Ϫ3 ͑infrared absorption using the conversion factor 3.06ϫ10 17 cm Ϫ2 ͓Ref. 11͔͒. Specimens were first deformed under tension at 900°C to introduce dislocations. Then, they were annealed at 1300°C for 2 h in a vacuum of 10 Ϫ3 Pa to homogenize the distribution of dislocations, to eliminate deformationinduced defects other than dislocations, and to dissolve any precipitated oxygen atoms. This procedure is termed ''solution treatment.'' After the solution treatment, specimens were cooled down to 1050 or 900°C at a rate of 150°C/min, and were subsequently annealed at that temperature for 0.75-6 h in order to precipitate oxygen atoms on the dislocations. This procedure is termed ''precipitation treatment.'' a͒ Present address: Nippon Steel Corporation, Futtsu City, Chiba Prefecture 293, Japan.
Specimens were then cooled rapidly to room temperature. Some specimens were cooled rapidly to room temperature after the solution treatment without subjecting them to the precipitation treatment. After any heat treatment, surface layers of specimens were removed to a depth of more than 0.25 mm by mechanical and chemical polishing to eliminate any possible effect of out diffusion of oxygen atoms in the surface region. Dislocations after the solution treatment were observed to be distributed homogeneously with random arrangement throughout the whole specimen, according to etch pit examination with the Sirtl etchant. 12 The change in the concentration of dissolved oxygen atoms due to the precipitation treatment was followed by infrared absorption spectroscopy. No detectable difference in the concentrations of dissolved oxygen atoms was found between the solution-treated specimen and the as-grown specimen. Some specimens subjected to the above heat treatments were examined by transmission electron microscopy with the use of a JEOL 200B operating at 200 kV.
Tensile tests of specimens along the ͓123͔ direction were conducted at 900°C under a shear strain rate of 1.2ϫ10 Ϫ4 s Ϫ1 in a vacuum of 10 Ϫ3 Pa, the details of the procedure being described in previous articles. 5, 6, 10 III. RESULTS Figure 1 shows infrared absorption spectra of the specimens ͑i͒ after deformation to introduce dislocations, ͑ii͒ after the solution treatment, and ͑iii͒ after the precipitation treatments at 900°C. It is formed that the concentration of dissolved oxygen atoms decreases at 900°C due to the introduction of dislocations. However, complete recovery to that prior to deformation by the solution treatment is indicated by the absorption peak at 1106 cm
A. Formation of precipitates on dislocations

Ϫ1
. The density of dislocations after the solution treatment was 1.2ϫ10 6 cm
Ϫ2
. Due to the precipitation treatment at 900°C, the absorption at 1106 cm Ϫ1 decreases while the absorption at 1225 cm Ϫ1 is increased. This indicates that the supersaturated oxygen atoms, once recovered by the solution treatment, change to SiO 2 precipitates by the precipitation treatment. The concentration of dissolved oxygen atoms in the specimen precipitation treated at 900°C for 40 h coincides approximately with the solubility limit of oxygen atoms at that temperature. The same holds in the specimen precipitation treated at 1050°C for 6 h. It has been demonstrated that supersaturated oxygen atoms in CZ-Si precipitate much more rapidly in specimens containing dislocations at densities higher than 10 6 cm Ϫ2 than in a dislocation-free specimen.
4 Figure 2 shows the transmission electron microscopic images of dislocations in specimens subjected to precipitation treatments at 900°C. Figure 2͑a͒ is for a solution-treated specimen with no precipitation treatment, in which a dislo-FIG. 1. Change in the infrared absorption spectra of a deformed CZ-Si crystal due to solution treatment at 1300°C for 2 h followed by precipitation treatment at 900°C. The base of each spectrum is shifted to reveal the spectral shape. cation is seen as a sharp line of contrast. Figures 2͑b͒, 2͑c͒ , and 2͑d͒ show dislocations in specimens precipitation treated for 0.75, 1.5, and 3.0 h, respectively. Dislocations are seen to be decorated by many precipitate particles. The images of these particles are retained under the diffraction condition which eliminates the dislocation image. The size of the particles becomes larger and simultaneously their separation increases with an increase in the duration of precipitation treatment in the range investigated. Figure 3 shows the variations in size, d, and the average separation, l, of the precipitates along dislocations plotted against the duration of the precipitation treatment at 900°C. As precipitation proceeds, a large number of small precipitates seem to transpose into a small number of large precipitates.
It is worth noting that, in Fig. 2 , precipitate particles formed preferentially along dislocation lines are spherical or parallelepiped in shape. This is in contrast to precipitate particles that develop in the matrix region of silicon at the same temperature which are of a platelet shape. 13 It is known 14, 15 that a number of interstitial silicon atoms are produced during the growth of SiO 2 precipitates to release the dilatation associated with the latter. Such excess interstitial silicon atoms force dislocations around the precipitates to climb. 16 The dislocations shown in Figs. 2͑b͒, 2͑c͒, and 2͑d͒ are seen to deviate from straight lines, with the deviation becoming more enhanced for longer durations of the precipitation treatment. This may be related to dislocation climb as above.
Such climb is more pronounced in specimens subjected to precipitation treatment at 1050°C where the precipitation proceeds more rapidly. Figure 4 shows the image of dislocations in a specimen precipitation treated at 1050°C for 4.5 h. Though a small number of large precipitates of ϳ200 nm diameter are observed along the dislocation, considerable parts of dislocations are located away from the precipitates which supposedly nucleated upon them. Previous weakbeam transmission electron microscopic observation has revealed that dislocations which have climbed consist of long extended parts of glissile dislocation connected by jogs. Figure 5 compares stress-strain curves of specimens with a dislocation density of about 1ϫ10 6 cm
16
B. Mechanical strength
Ϫ2
, which were subjected to the solution treatment followed by precipitation treatment at 1050°C. The solution-treated specimen shows a high upper yield point followed by a noticeable stress drop. Such characteristic in the yielding behavior becomes extremely pronounced after precipitation treatment for 1.5 h. However, it diminishes for specimens precipitation treated for prolonged duration. The changes in the lower yield stress and the flow stress after the lower yield point due to the precipitation treatment are less pronounced than that in the upper yield stress. The yield point phenomenon is very faint in the specimen subjected to precipitation treatment for 6 h. It is similar to that of a silicon crystal containing the same dislocation density but exhibiting no dislocation locking by impurities.
6,10 Figure 6 shows the variation in the upper yield stress uy against the duration of the precipitation treatment at 1050 and 900°C. The magnitude of the upper yield stress increases first from that of the solution-treated specimen with an increase in the duration of precipitation treatment at both temperatures, showing a maximum at about 1.5 h, and then decreases significantly. The maximum of the upper yield stress is higher for the specimen precipitation treated at 1050°C than for that at 900°C. On the other hand, the decrease in the upper yield stress of the specimen precipitation treated for a long duration is more drastic at 1050°C than at 900°C. This may reflect the difference in the changes of the precipitate state against the duration of precipitation treatment at these two temperatures. The maximum values of the upper yield stress for the precipitation treatment at 1.5 h are comparable to that of a dislocation-free specimen. 5, 10 In contrast, the upper and lower yield stresses in the specimen precipitation treated at 1050°C for 6 h, in which oxygen precipitation is complete, are comparable as those of an oxygenfree silicon crystal with a dislocation density of 10 6 cm
. 6 The magnitudes of the effective stress eff , determined by the strain-rate cycling technique 6 are shown in the stressstrain curves of Fig. 5 . This is the stress necessary to keep dislocations moving through the silicon lattice at a certain velocity determined by the strain rate. It is seen to hardly be affected by the heat treatments of the specimens in the deformation stage after the lower yield point. This means that the rate-determining process in the motion of individual dislocations is not influenced by the change in the precipitation state of oxygen atoms in the specimen.
IV. DISCUSSION
The mechanical strength of a dislocated crystal of CZ-Si has been found to depend remarkably on the state of oxideprecipitate particles formed along the dislocations. In the early stage of precipitation the upper yield stress of the specimen increases to a magnitude comparable to that of a dislocation-free silicon crystal, while it decreases drastically in the later stage of precipitation to that of a FZ-Si crystal with the same density of dislocations. Since the behavior of the effective stress seen in Fig. 5 shows that rate-determining process of dislocation motion in the specimens is not influenced by the state of the precipitates, it is reasonable to interpret the observations in terms of the effective density of dislocation sources as influenced by oxide precipitation along the dislocations. It is well established 6, 8 that the upper yield stress, together with the lower yield stress and flow stress after the yield region, is sensitive to the density of dislocation sources which exist in the specimen prior to deformation.
Since the magnitude of the upper yield stress at the maximum in Fig. 6 is almost the same as that of a dislocation-free crystal, it seems reasonable to think that all dislocations contained in such a specimen before deformation are firmly locked by oxide precipitates and that the release stress for the locked dislocations is comparable to or higher than the upper yield stress of the dislocation-free crystal. Upon applying stress to a dislocation-free crystal, dislocations are first generated at structural irregularities mainly located on the surface. Such dislocation generation centers are inevitably or accidentally introduced during surface preparation of the specimen and low in density, but to generate dislocations under a rather low stress. 17 The upper yield stress of a dislocation-free crystal is determined by the density of such generation centers, the deformation temperature, and the deformation rate. [6] [7] [8] On the other hand, it can be shown that the upper yield stress of a specimen, in which the dislocation density is on the order of 10 6 cm Ϫ2 and all the dislocations are locked at approximately the same strength, is nearly equal to the release stress of the locked dislocations. 18 A simplified theory of thermally activated release of a dislocation from locking particles gives the following rela- where E is the maximum of the interaction energy between a dislocation and a locking particle, L is the length of the dislocation, N is the mean density of locking particles along the dislocation line, is the vibration frequency of the dislocation, ⌫ is the release rate of the locked dislocation, k is the Boltzmann constant, and b is the magnitude of the Burgers vector of the dislocation. The magnitude of E at the maximum of upper yield stress in the precipitation treatment at 900°C ͑Fig. 6͒ can be estimated from Eq. ͑1͒ using the observed value l of average separation of precipitates in Fig. 3 , giving a value of 4.0 eV. The magnitudes of E calculated at various stages of precipitation treatment at 900°C in Fig. 3 are shown in Table I . It is seen that the interaction energy increases first rapidly and then slowly with increasing size of the locking particle. Sato and Sumino 20 have performed direct measurements of the unlocking stresses of isolated dislocations, locked by oxide particles developed by precipitation treatment of CZ-Si crystals, and obtained interaction energies in good agreement with the present work.
Prolonged precipitation treatment reduces the yield stress of the specimen drastically. As shown in Fig. 6 , the yield stress of the specimen precipitation treated at 1050°C for 6 h is close to that measured in oxygen-free crystals ͑FZ-Si͒ containing the same density of dislocations. 6 This indicates that all or most of the dislocations in such specimens can act as dislocation sources. The situation is thought to be brought about by two mechanisms: the generation of free portions of dislocations due to climb from precipitates as demonstrated in Fig. 4 and the coalescence of precipitate particles along the dislocation line as demonstrated in Fig. 2 . Such free portions of dislocations which have climbed have been shown to be glissile, as noted in Sec. III A.
It is interesting to note that the upper yield stress for the specimen which was subjected to solution treatment and no precipitation treatment is measured to be higher than that of the specimen after prolonged precipitation treatment, as seen in Fig. 6 . Since it is reasonable to consider that all the precipitates on dislocations become dissolved into the matrix and that no atmosphere of oxygen atoms develop around the dislocations at solution temperatures as high as 1300°C, 1 oxygen atoms in the matrix are thus thought to precipitate quickly and preferentially on dislocations when the specimen is brought to the deformation test temperature since the oxygen is supersaturated and the rate of oxygen diffusion is high. It is likely that oxygen atoms develop as small precipitates closely aligned along dislocations which become locked before deformation tests commence.
V. CONCLUSION
The mechanical strength of dislocated CZ-Si crystals was investigated and related to the precipitation of supersaturated oxygen impurities on dislocations. The yield strength of the silicon crystal increased to a magnitude similar to that of a dislocation-free crystal due to the formation of fine precipitate particles densely aligned along the dislocations during the early stage of precipitation, while it decreased to a magnitude comparable to that of an oxygen-free silicon ͑FZ-Si͒ crystal with a similar dislocation density during the later stage of precipitation. The behavior of the yield strength against precipitation treatment was discussed in terms of the unlocking process of dislocations from the precipitates. 
